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Aggregatibacter Actinomycetemcomitans Leukotoxin Causes Activation of
Lymphocyte Function-Associated Antigen 1
Abstract
Repeats-in-toxin leukotoxin (LtxA) produced by the oral bacterium Aggregatibacter
actinomycetemcomitans kills human leukocytes in a lymphocyte function-associated antigen 1 (LFA-1,
integrin α L /β 2 )-dependent manner, although the mechanism for this interaction has not been identified.
The LtxA internalisation by LFA-1-expressing cells was explored with florescence resonance energy
transfer (FRET) microscopy using a cell line that expresses LFA-1 with a cyan fluorescent protein-tagged
cytosolic α L domain and a yellow fluorescent protein-tagged β 2 domain. Phorbol 12-myristate
13-acetate activation of LFA-1 caused transient cytosolic domain separation. However, addition of LtxA
resulted in an increase in FRET, indicating that LtxA brings the cytosolic domains closer together,
compared with the inactive state. Unlike activation, this effect was not transient, lasting more than 30
min. Equilibrium constants of LtxA binding to the cytoplasmic domains of both α L and β 2 were
determined using surface plasmon resonance. LtxA has a strong affinity for the cytosolic domains of both
the α L and β 2 subunits (K d = 15 and 4.2 nM, respectively) and a significantly lower affinity for the
cytoplasmic domains of other integrin α M , α X , and β 3 subunits (K d = 400, 180, and 230 nM,
respectively), used as controls. Peptide fragments of α L and β 2 show that LtxA binds membraneproximal domain of α L and intermediate domain of β 2 . © 2018 John Wiley & Sons Ltd
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actinomycetemcomitans kills human leukocytes in a lymphocyte function‐associated
antigen 1 (LFA‐1, integrin αL/β2)‐dependent manner, although the mechanism for this
interaction has not been identified. The LtxA internalisation by LFA‐1‐expressing cells
was explored with florescence resonance energy transfer (FRET) microscopy using a
cell line that expresses LFA‐1 with a cyan fluorescent protein‐tagged cytosolic αL
domain and a yellow fluorescent protein‐tagged β2 domain. Phorbol 12‐myristate
13‐acetate activation of LFA‐1 caused transient cytosolic domain separation. However, addition of LtxA resulted in an increase in FRET, indicating that LtxA brings
the cytosolic domains closer together, compared with the inactive state. Unlike activation, this effect was not transient, lasting more than 30 min. Equilibrium constants of
LtxA binding to the cytoplasmic domains of both αL and β2 were determined using
surface plasmon resonance. LtxA has a strong affinity for the cytosolic domains of
both the αL and β2 subunits (Kd = 15 and 4.2 nM, respectively) and a significantly
lower affinity for the cytoplasmic domains of other integrin αM, αX, and β3 subunits
(Kd = 400, 180, and 230 nM, respectively), used as controls. Peptide fragments of
αL and β2 show that LtxA binds membrane‐proximal domain of αL and intermediate
domain of β2.
KEY W ORDS

integrin, leukotoxin (LtxA), LFA‐1, microbial pathogenesis, RTX toxin, surface plasmon resonance
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I N T RO D U CT I O N

toxin (RTX; Welch, 1991) or leukotoxin (LtxA) that primarily expresses
a specificity for human and primate immune cells (Baehni et al., 1981;

Aggregatibacter actinomycetemcomitans (Aa), a facultative anaerobic

Baehni, Tsai, McArthur, Hammond, & Taichman, 1979; Kachlany et al.,

bacterium of the Pasteurellaceae family, is commonly found in the

2010; Tsai, McArthur, Baehni, Hammond, & Taichman, 1979). Leuko-

upper aerodigestive tract of man and certain higher primates

cytes from rodent species can be affected by higher concentrations

(Taichman et al., 1987). Aa is the etiologic agent of localised aggressive

of LtxA (DiFranco, Kaswala, Patel, Kasinathan, & Kachlany, 2013). A

(juvenile) periodontitis (LAP), an aggressive form of periodontal dis-

number of studies suggested the pivot role of LtxA in LAP develop-

ease in adolescents. The organism produces a 114 kDa repeats in

ment. Aa isolated from LAP patients was found to belong to a single
serotype b strain JP2 (Haubek & Johansson, 2014; Shahabuddin,

†
‡

Department of Chemical Engineering Lehigh University Bethlehem, PA 18015
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Cellular Microbiology. 2019;21:e12967.
https://doi.org/10.1111/cmi.12967

Boesze‐Battaglia, & Lally, 2016), which is characterised by increased
LtxA production (Brogan, Lally, Poulsen, Kilian, & Demuth, 1994).
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There is evidence for the link between leukotoxicity and the periodon-

Berman, & Springer, 1989). Rotary‐shadowed electron micrographs

tal attachment loss (Hoglund Aberg, Haubek, Kwamin, Johansson, &

demonstrate the αL/β2 heterodimer elements combined at the NH2‐

Claesson, 2014). LtxA may help the bacterium to survive by destroying

terminus and form a ligand‐binding globular headpiece (Weisel,

gingival crevice leukocytes, resulting in the suppression of local

Nagaswami, Vilaire, & Bennett, 1992). The β2 chain is composed

immune defences.

of two components: (a) the ligand‐binding I‐like domain, (residues

The interaction of LtxA with its human host is multifaceted and

104–341) and (b) the stalk (residues 1–103 that precede and residues

involves both the membrane lipids (cholesterol; Brown et al., 2013)

342–678 that follow the I‐like domain; Huang, Zang, Takagi, &

and a cell‐surface glycoprotein lymphocyte function‐associated anti-

Springer, 2000). The two stalk components are linked by a long‐range

gen 1 (LFA‐1), a β2 integrin family member (Lally et al., 1997). LtxA

disulfide bond between Cys3 and Cys425 (Calvete, Schafer, Henschen,

contains a conserved cholesterol recognition amino acid consensus

& Gonzalez‐Rodriquez, 1990). The carboxyl terminus of the stalk

motif (Brown et al., 2013; Vazquez et al., 2014) that is defined by

contains a high level of cysteine residues arranged in three or four

the sequence ‐L/V–X1‐5–Y–X1‐5–R/K‐ (Epand, 2006; Li, Yao,

repeating elements containing eight cysteine residues in a conserved

Degenhardt, Teper, & Papadopoulos, 2001). The presence of the bind-

characteristic pattern known as the cysteine‐rich repeats (CRR;

ing sequence (334LEEYSKR339) enhances the maximal affinity (minimal

Kishimoto et al., 1987a; Law et al., 1987). The importance of CRR to

Kd) of the toxin for membranes containing 40% cholesterol, which is

LtxA/LFA‐1 binding has been demonstrated utilising a panel of

approximately four orders of magnitude (10−12 M) greater than the

human/bovine β2 chimeras and identifying a species‐specific binding

−8

M). LtxA associates

epitope located within human β2 (Dileepan, Kachlany, Balashova,

with immune cell membranes to form round, toxin‐rich patches and

Patel, & Maheswaran, 2007). At the immune cell membrane, the

lipid‐lined cavities that appear to be formed, as model membrane

heterodimer stalks separate and form individual single‐pass transmem-

experiments suggest, through a process involving membrane bending

brane segments (αL, 29 aa; β2, 23 aa) and finally terminate in short

affinity for cholesterol‐free membranes (10

(Brown et al., 2012). Liposomes composed of lipids that form

cytosolic tails (αL, 53 aa; β2 46 aa), which though they lack enzymatic

nonlamellar phases are LtxA susceptible whereas liposomes composed

activity, serve as scaffolds for bidirectional signalling between the

of lipids that do not form nonbilayer structures are resistant to LtxA

cytoplasm and extracellular ligands (Kim, Carman, & Springer, 2003).

induced changes suggesting that membrane destabilisation followed

The ability of a panel of three monoclonal anti‐LFA‐1 antibodies

by a transition from a bilayer to an inverted hexagonal phase

(a) TS1/18 (Sanchez‐Madrid et al., 1982), (b) KIM127 (Stephens

formation of an isotropic intermediate phase lies at the heart of

et al., 1995), and (c) KIM185 (Andrew et al., 1993) to inhibit LtxA

LtxA‐mediated membrane disruption.

cytolysis (Lally et al., 1997) has provided an initial indication that the

In addition to a direct interaction with membrane cholesterol,

contact of the toxin with LFA‐1 occurs over an extensive area of the

incubation of LtxA with detergent lysates of human immune cells in

integrin. The TS1/18 epitope, located within the ligand (I‐like) domain

combination with immunoprecipitation with anti‐LtxA antibodies

(Huang et al., 2000), while KIM127 occurs at the second CRR (Lu,

(DiRienzo, Tsai, Shenker, Taichman, & Lally, 1985) resulted in the iden-

Ferzly, Takagi, & Springer, 2001; Stephens et al., 1995). Both TS1/18

tification of two (90,000 and 165,000 kDa) cell surface glycoproteins,

and KIM127 are strong inhibitors of LFA‐1‐dependent adhesion. The

which also interact with the toxin (Lally et al., 1997). Trypsinization

most interesting, however, is KIM185, a mAb that effects both

and mass spectrometric analysis of these peptides identified the

integrin conformational changes and ligand binding. The KIM185 epi-

smaller as β2 and the larger as αL, which are components of LFA‐1

tope (residues 581–621) is located at the distal end of CRR‐4 and

(Hynes, 1987), one of a family of four integrins exclusively expressed

extends onto the stalk to a point 57 amino acids from the LFA‐1 trans-

on immune cells (Gahmberg, Tolvanen, & Kotovuori, 1997; Springer,

membrane segment (Lu et al., 2001). The ability of LtxA to bind cho-

1990; Springer, 1995). The four integrin α subunits (αL, αM, αX, and

lesterol (Brown et al., 2013; Vazquez et al., 2014), interact with extra

αD) are structurally and functionally distinct from each other although

cellular domains of LFA‐1 (Lally et al., 1997), and modify bilayer struc-

all contain the β2 subunit (Springer, 1990). LFA‐1 plays a pivotal role in

ture (Brown et al., 2012) suggests that the LtxA/LFA‐1 interaction is

a number of immune cell functions (Arnaout, 1990) such leukocyte

not confined to the ectodomains of LFA‐1 but rather is providing a

and endothelial cell interactions (Dustin & Springer, 1988), the diape-

clear pathway for LtxA to enter the cytosol.

desis of cells to sites of inflammation (Ross, 1999; Springer, 1995)

Critical to the study of LtxA pathogenesis is an understanding the

and the formation of the immunological synapse (Monks, Freiberg,

mechanism of LFA‐1 and LtxA interaction, which leads to the cell

Kupfer, Sciaky, & Kupfer, 1998). The role that β2 integrins play in

death. Importantly that in addition to the LtxA ability to kill leukocytes,

immune cell function has also led them to be used in virulence strate-

the toxin may exert some effects on the various LFA‐1‐regulated

gies of both bacteria (Hauck, Agerer, Muenzner, & Schmitter, 2006;

immune functions, such as activation or priming, the movement of

Hauck, Borisova, & Muenzner, 2012; Pizarro‐Cerda & Cossart, 2006;

leukocytes between blood and lymphoid tissues (Warnock, Askari,

Relman et al., 1990; Saukkonen, Cabellos, Burroughs, Prasad, &

Butcher, & von Andrian, 1998), controlling cell adhesion to the extra-

Tuomanen, 1991; Scibelli et al., 2007; Wong & Isberg, 2005) and

cellular matrix and immune synapse formation (Dustin et al., 1998).

viruses (Hutt‐Fletcher & Chesnokova, 2010; Stewart & Nemerow,

Our current study, is focused on the potential interactions of LtxA

2007; Triantafilou, Takada, & Triantafilou, 2001; Wang & Springer,

with integrin cytosolic components and the cytoskeleton. Using

1998; Wickham, Mathias, Cheresh, & Nemerow, 1993).

labelled LtxA, we demonstrated that the toxin enters target cells in a

LFA‐1 is a heterodimer made up of αL (1145 aa) and β2 (747 aa;

LFA‐1‐dependent manner. We found that a translocated domain of

Kishimoto, O'Connor, Lee, Roberts, & Springer, 1987a; Larson, Corbi,

the LtxA binds to and immobilises LFA‐1 via its cytosolic domains.
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Florescence resonance energy transfer (FRET) microscopy indicates

inactivation prior to labelling (ΔHILtxA‐DY488) abrogated its ability

that internalised LtxA acts on LFA‐1 from the cytosol, by not only

to kill target cells (Figure 1b). Staining of Jn.9 and its LFA‐1‐deficient

preventing separation of the cytosolic domains upon activation but

mutant (J‐β2.7) cells with either anti‐αL (Figure 1c) or β2 (Figure 1d)

also by bringing the two domains closer together. Surface plasmon

mAb and labelled LtxA demonstrate LtxA is colocalised with the αL

resonance (SPR) studies demonstrated LtxA affinities for the αL and

(Figure 1c; Pearson's coefficients for codistribution 1 = 0.75 and

β2 tails of LFA‐1 (15 and 4.2 nM, respectively) are comparable with

2 = 0.82), as well as the β2 (CD18) subunit of LFA‐1 (Figure 1d;

the affinity of talin‐1 for the β2 cytoplasmic, tail, a cytoskeletal protein

Pearson's coefficients for codistribution 1 = 0.65 and 2 = 0.79). In con-

(11.1 nM; Takala et al., 2008). Our results have provided new insight

trast, very low toxin binding was detected to the cell membranes of

into the mechanism by which LtxA kills immune cells, wherein

the LFA‐1 mutant J‐β2.7 cells. Toxin binding was not observed in

internalisation of the toxin and inhibition of integrin activation have

Jn.9 cells when target cells were incubated with ΔHILtxA. Thus,

important roles.

active LtxA immediately binds to the cell surface demonstrating
high affinity to LFA‐1‐containing cell membranes. The coaggregation
of LtxA and LFA‐1 heterodimer components on the surface of our

2

|

RESULTS

target cell membranes suggests that LtxA could gain access to the
cytosol as individual LtxA molecules or as part of an LtxA/LFA‐1

2.1 | Internalisation of LtxA is dependent upon
cell‐surface expression of LFA‐1

complex. Confocal microscopy (Figure 2a), flow cytometry studies
(Figure 2c, and Supplementary data (Figure S1) were used to investigate this prediction.

Fluorescent‐labelled LtxA was tested for biological activity using a

The specificity of the LFA‐1/integrin interaction was explored

trypan blue exclusion test (Brogan et al., 1994). We found that our

when LtxA‐FITC was incubated with Chinese hamster ovary (CHO)

labelling protocol has no effect on the ability of LtxA labelled with

cells that had been transfected and expressing αIIbβ3, an integrin that

DyLight™ 488 (LtxA‐DY488) or LtxA labelled with fluorescein isothio-

is not found on immune cells but is expressed on platelets and

cyanate (LtxA‐FITC) to kill Jn.9 (Figure 1a) whereas the toxin heat

involved in their aggregation (Bennett, 2005). Confocal images of

FIGURE 1 Membrane colocalisation of LtxA in LFA‐1 positive and LFA‐1 negative cells. (a) The SDS‐PAGE of wtLtxA, LtxA‐DY488, and
ΔHILtxA‐DY488 samples, (5 μg/well loaded). (b) Trypan blue assay (Brogan et al., 1994) demonstrating cytotoxicity of wtLtxA, LtxA‐DY488, and
ΔHILtxA‐DY488 on Jn.9 cells (15 hr, 50 nM of the toxins added). (c,d) Confocal images of Jn.9 and J‐β2.7 cells showing colocalisation of LtxA and
αL subunit after the treatment with 20‐nM LtxA‐DY488 (green) for 10 min at 37°C and anti‐αL antibody conjugated with Alexa Fluor™594 (red) (c).
Confocal images of Jn.9 and J‐β2.7 cells showing colocalisation of LtxA and β2 subunit after the treatment with LtxA‐DY488 (green) and
antihuman CD18 clone TS1/18 antibody (Biolegend™), which were recognised with donkey antimouse IgG H&L Alexa Fluor® 594 conjugated
antibody (red) (d). Cell nuclei were stained with Hoechst 33342 (blue). Insets demonstrate the areas of colocalisation on the plasma membrane: αL
(Pearson's coefficients for codistribution 1 = 0.75 and 2 = 0.82) and β2 (Pearson's coefficients for codistribution 1 = 0.65 and 2 = 0.79).
Representative images are shown. Scale bars = 5 μm. LtxA: leukotoxin; LFA‐1: lymphocyte function‐associated antigen 1
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FIGURE 2 Internalisation of LtxA in LFA‐1‐positive and LFA‐1‐negative cells. (a) Confocal images of Jn.9, J‐β2.7, and J‐β2.7/hCD11a cells after
15 min treatments with 20‐nM LtxA‐DY488 (green). Cell nuclei were stained with Hoechst 33342 (blue), and membranes were stained with WGA‐
AF™ 594 (red). Left panel shows that LtxA internalised by cells naturally (Jn.9) or heterologously (J‐β2.7/hCD11a) expressing human αL, which was
evident from the intense green fluorescence found in cell membranes and cytosols. In contrast, J‐β2.7 cells, which do not express human αL, the
toxin accumulated on the membrane surface and did not internalise. (b) CHO and CHO/αIIbβ3 cells (CHO cells expressed RFP‐tagged αIIbβ3) were
incubated with 20‐nM LtxA‐DY488. LtxA‐DY488 (green) was found on the CHO/αIIbβ3 cell surface but was not internalised. Representative
images are shown. Scale bars = 5 μm. (c) Flow cytometry analysis was used to detect LtxA in LFA‐1 positive (Jn.9) or LFA‐1‐negative mutant cells
(J‐β2.7). Cells (1 × 106 cells) were incubated with 20‐nM LtxA‐DY488 (20 min) and then were analysed by flow cytometry, and the total cell‐
associated fluorescence was determined (a) (red peak). The extracellular fluorescence of the cells was quenched (0.025% trypan blue; Maldonado
et al., 2011; Parker et al., 2010). Intracellular fluorescence cells were determined by permeabilizing the cells (0.1% Triton X‐100) for 10 min prior to
0.025% trypan blue treatment. Intracellular fluorescence was again measured by flow analysis as described above. Ten thousand events were
recorded per sample, and the mean fluorescence intensity (MFI) values were determined again using WinList™ software. To quantitate the
intracellular fluorescence, MFI values of cells pretreated with trypan blue were subtracted from the MFI values of total cell‐associated LtxA‐
DY488 fluorescence. No residual fluorescence was detected in 0.1% Triton X‐100 permeabilised cells after the trypan blue treatment.
Permeabilised LtxA‐DY488 cells (black) resulted in low cell‐associated fluorescence and closely resembled untreated cells (green) served as a
negative control. The data shown are representative of three independent experiments. LtxA: leukotoxin; CHO: Chinese hamster ovary; LFA‐1:
lymphocyte function‐associated antigen 1

14625822, 2019, 3, Downloaded from https://onlinelibrary.wiley.com/doi/10.1111/cmi.12967 by University Of Pennsylvania, Wiley Online Library on [14/10/2022]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

4 of 15

5 of 15

ET AL.

CHO cells in which the membranes were stained with WGA‐AF™594

The increase in FRET we observe following LtxA treatment

(red; Figure 2b, left panel) showed no evidence of either membrane or

does not appear to be caused by LtxA‐induced clustering of LFA‐1.

cytoplasmic binding after 15‐min treatments with 20‐nM LtxA‐FITC

Cytochalasin D (Cyto D; 1 ng ml−1), a reagent that inhibits actin poly-

staining while CHO/αIIbβ3 cells (right panel) showed evidence of mem-

merisation and promotes LFA‐1 clustering (Yu, Wu, Gupta, & Kucik,

brane binding of the toxin although internalisation was not observed.

2010), was added to K562/αL‐CFP/β2‐YFP cells at the concentration

Using three Jurkat cell lines: Jn.9, LFA‐1‐deficient J‐β2.7 and

of 1 ng ml−1, and %E was measured for 30 min. No change in FRET

J‐β2.7/hCD11a (Kieba et al., 2007; Weber, York, Springer, &

signal was observed in these cells (Figure 3b), indicating that LFA‐1

Klickstein, 1997), LtxA‐DY488 was localised by confocal fluorescence

clustering is not responsible for the increase in %E we observe after

microscopy (Figure 2A) in the cytosol of the cells expressing LFA‐1

treatment with LtxA but rather that it was the result of the cytoplas-

(Jn.9 and J‐β2.7/hCD11a). In these cells, LtxA is found close to the

mic tails of LFA‐1 shift closer to each other. Verification of the

plasma membrane. In contrast, J‐β2.7 cells interaction with

alteration of actin polymerisation under these conditions was

fluorescent‐labelled LtxA did not result in the toxin internalisation

performed by phalloidin staining (Chazotte, 2010). The intensity of

but the toxin was seen in clusters on the cell surface. Translocation

phalloidin staining is greater in untreated cells than in Cyto D

of LtxA membrane was restored when the toxin was incubated with

treated cells (Figure 3e), indicating that the Cyto D is inhibiting

J‐β2.7/hCD11a cells.

actin polymerisation.
fluorescence

The association of LtxA and LFA‐1 in the lipid raft compartment

quenching in combination with flow cytometry (Maldonado, Wei,

of target cells suggests that raft integrity is critical for RTX function

Kachlany, Kazi, & Balashova, 2011; Parker, Chitcholtan, Hampton, &

(Atapattu & Czuprynski, 2007; Fong et al., 2006; Martin, Uribe,

Keenan, 2010) in Jn.9 and J‐β2.7 cells (Figure 2C). Ten nanomolar

Gomez‐Bilbao, & Ostolaza, 2011). The role that cholesterol in LFA‐1

LtxA‐DY488 was incubated with cells for 15 min. Following washing

activation was investigated by first extracting cholesterol from the

(3× PBS), cell‐associated fluorescence was determined by flow analy-

K562 cells using 5‐mM methyl‐β‐cyclodextrin (Kilsdonk et al., 1995)

sis and suggested that up to 74% of the toxin becomes cell associated

prior to treatment with 10‐nM LtxA (Figure 3b). Cells treated

within 15 min (Figure 2c, red peaks). Quenching the toxin fluorescence

with methyl‐β‐cyclodextrin contained 2.09 ± 0.04 × 10−7 μg

(trypan blue, 0.025%, 20 min) followed by scanning analysis demon-

cholesterol/cell that was statistically lower than cholesterol levels of

strate that while both cell lines contain membrane‐associated LtxA‐

PBS‐treated control cells (2.49 ± 0.03 × 10−7 μg cholesterol/cell).

Internalisation

of

LtxA

was

assessed

using

DY488, only LFA‐1 positive (Jn.9) cells contained intracellular LtxA

The extraction of cholesterol from the cells resulted in an increase in

(Figure 2c, yellow peaks). To quench the intracellular fluorescence

FRET to a similar extent as LtxA treatment. Addition of 10‐nM LtxA

cells were permeabilised using 0.1% Triton X‐100 for 10 min prior to

for up to 30 min had no additional effect on the separation of the

0.025% trypan blue treatment. Quenching of the fluorescence with

cytosolic domains of LFA‐1 (Figure 3b).

trypan blue in permeabilised cells resulted in low cell‐associated fluo-

An LtxA cytotoxicity assay (Brogan et al., 1994) verified that the

rescence and closely resembled untreated cells (Figure 2c, purple

FRET reagents are not toxic to K562 cells during the time scale of

peaks), which served as negative controls.

the experiment. LtxA, PMA, or Cyto D was added to K562 cells at
the same concentrations used in the FRET experiments, and cell viability was measured for 30 min. As shown in Figure 3d, in this time, the

2.2

|

LtxA blocks LFA‐1 activation

viability of LtxA‐exposed cells remained close to 100%. The viability of
PMA‐treated cells decreased to approximately 50%, and the viability

The effect of LtxA on activation of the LFA‐1 heterodimer was exam-

of Cyto D exposed decreased to approximately 80%. These results

ined using K562 cells (Lozzio & Lozzio, 1975) that had been

indicate that most of the cells remain viable for the duration of the

transfected with human LFA‐1 α and β genes. Two marker genes for

FRET experiment (30 min). Cell viability decreased more significantly

cyan fluorescent protein (CFP) and yellow fluorescent protein (YFP)

after 1 hr of exposure to the reagents, for this reason, the FRET exper-

had been previously fused to the αL and β2 genes, respectively, prior

iments could not be carried out to longer time points.

to transfection (Kim et al., 2003). Cells were then examined by FRET
microscopy following addition of either 100‐nM phorbol 12‐myristate
13‐acetate (PMA) or 10‐nM LtxA. PMA simulates LFA‐1 activation
and causes separation of the cytoplasmic tails and leading to a

2.3 | LtxA binds to the cytoplasmic domains of α and
β heterodimers

decrease in FRET efficiency (%E). The separation is transient, and %E
returns to its initial value within 30 min (Figure 3a, blue bars).
In contrast, binding of LtxA to LFA‐1 resulted in an increase in

SPR studies demonstrating that the LtxA binds to the cytoplasmic
domains of αL and β2 with nanomolar affinity provided a number of

FRET, which is consistent with a mechanism whereby LtxA binds to

interesting observations (Figure 4). The short cytosolic domains of αL

and brings the cytosolic domains closer together than they are in the

(58 residues) and β2 (46 residues) permit the synthesis of the individ-

inactive state. Unlike PMA stimulation, this ligating effect does not

ual peptides in toto (Table 1). The peptides were then coupled to

appear to be transient, lasting for the duration of a 30‐min experiment

Biacore™ CM5 chips, and LtxA was allowed to flow over the LFA‐1‐

(Figure 3a, yellow bars). Incubating K562 cells with LtxA for 30 min prior

peptide chips, and the binding results were analysed by fitting to a

to the addition of 100‐nM PMA abolished the cytosolic domain separa-

1:1 Langmuir binding model (Table 2). LtxA exhibits a strong affinity

tion associated with PMA priming of LFA‐1 (Figure 3a, green bars).

for both the αL (Kd ≈ 15 nM) and β2 (Kd ≈ 4.2 nM) peptides. The
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FIGURE 3 FRET analysis of LFA‐1 and LtxA interaction. (a) LFA‐1 priming with 100‐nM PMA (blue bars, n = 4–9 cells) initially separated the α
and β cytosolic domains, resulting in a reduction in FRET relative to untreated cells (white bar, n = 87 cells). Addition of LtxA led to an increase in
FRET throughout the duration of the experiment (yellow bars, n = 27–48 cells). Preincubation of cells with LtxA for 30 min ablated the ability of
PMA to induce domain separation, as evidenced by the constant FRET signal for the duration of the experiment (green bars, n = 11–14 cells). (b)
Treatment of cells with 1 ng ml−1 Cyto D, which inhibits actin polymerisation and promotes LFA‐1 clustering, had no effect on the FRET signal
(n = 14–23 cells). (c) The extraction of cholesterol from the K562 cell membranes using mβCD prior to treatment with 10‐nM LtxA resulted in an
increase in FRET to an extent that is similar to LtxA treatment. The addition of 10‐nM LtxA for up to 30 min (yellow bars) had no additional effect
on the separation of the cytosolic domains of LFA‐1. (d) The viability of the K562 cells when treated with the FRET reagents, PMA (blue
diamonds), Cyto D (red squares), and LtxA (green triangles) was followed over 1 hr. *** p < 0.001, ** p < 0.005, * p < 0.01, n = 4–87 cells. Bars show
SEM. (e) Confocal images of green fluorescent phalloidin conjugate staining (green) in untreated cells and in Cyto D treated cells. Representative
images are shown. Scale bars = 5 μm. Average green fluorescence intensity per cell (n = 50) is shown on the right. Bars indicate SEM. ** p < 0.005.
LtxA: leukotoxin; PMA: phorbol 12‐myristate 13‐acetate; Cyto D: Cytochalasin D; LFA‐1: lymphocyte function‐associated antigen 1

association rate (kon) for LtxA to the β2 peptide (2.4 × 104 M−1 s−1) was

(2.6 × 104 M−1 s−1), although the dissociation rate is considerably

approximately three times higher than the association rate of LtxA

higher (5.9 × 10−3 s1).

−1

binding to the αL peptide (8.5 × 10 M
3

−1

s ), whereas the dissociation

To investigate the specificity of the binding of LtxA to the LFA‐1

rates (koff) were nearly identical (≈1 × 10−4 s−1). LtxA associates with

cytosolic domains the binding to three additional integrin cytosolic

the β3 cytoplasmic tail at approximately the same rate as it does β2

domains, αM and αX, members of the immune cell integrin family,
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FIGURE 4 Sensorgrams showing the association and dissociation of leukotoxin to the αL, β2, and β2scr cytoplasmic tails. Injections were made as
2× dilution series from 1 to 0.002 μM, as marked. Sequences of the peptides used in the SPR experiments are provided in Table 1. Each
sensorgram represents a typical scan

and β3 were investigated. Binding of LtxA to α subunits was signifi-

N‐terminal peptide, αLN (K1088‐I1107); an intermediate peptide, αLI

cantly lower (Kd for αM = 400 nM, αX = 180 nM) then the binding to

(G1103‐D1127); and a C‐terminal peptide, αLC, (G1118‐D1145; Table 1).

the αL. During our confocal microscopy studies (Figure 2c), CHO cells

LtxA bound to αLN with the same affinity (Kd ≈ 16 nM) as it did to
αL

expressing an unrelated integrin (αIIbβ3) bound LtxA‐FITC. We also

full‐length

observed that LtxA bound to the β3 cytoplasmic domain but at a

(8.4 × 103 M−1 s−1) and the dissociation rate, koff, (1.3 × 10−4 s−1) were

considerably lower affinity (Kd ≈ 230 nM) than it does to β2 thereby

also similar to those of LtxA binding to αL indicating that the LtxA rec-

peptide

(Table

2).

The

association

rate,

kon,

suggesting that there is some degree of promiscuity to the interaction.

ognition site on the αL tail most probably resides in the membrane

Panels of shorter overlapping αL and β2 peptides (Table 1) were

proximal region of the integrin. The affinity of LtxA for the C‐terminal

used to identify the region(s) that is critical for toxin binding: an

region of αL is considerably lower, Kd ≈ 2.9 μM, due to the association
rate (1.4 × 102 M−1 s−1) being 20 times lower than the association rate

TABLE 1

Peptides used in the SPR experiments

a

to the full‐length peptide. The dissociation rate of LtxA from αLC was
approximately equal to that of the full‐length tail, 1.4 × 10−4 s−1. No

αL

binding was observed when the toxin was injected over the αLI pep-

αL

KVGFFKRNLKEKMEAGRGVPNGIPAEDSEQ
LASGQEAGDPGSLKPLHEKDSESGGGKD1145

αLN

KVGFFKRNLKEKMEAGRGVPNGI1107

αLI

GRGVPNGIPAEDSEQLASGQEAGDP1127

αLC

GQEAGDPGSLKPLHEKDSESGGGKD1145

αM
αM

KLGFFKRQYKDMMSEGGSPGAEPQ1136

αX
αX

tide. The fact that LtxA binds both the membrane proximal and the
membrane distal regions of αL might be due to the three helix fold
of the cytoplasmic tail, where Helix 1, the membrane proximal, lines
up next to Helix 3, the membrane distal, a fold that is kept together
by a salt bridge between K1117 and E1158 and K1121 and E1163 (Bhunia,
Tang, Mohanram, Tan, & Bhattacharjya, 2009). When compared with
αL, the affinity of LtxA for the C‐terminal region of αL is considerably
lower, Kd ≈ 2.9 μM, due to the association rate (1.4 × 102 M−1 s−1)

KVGFFKRQYKEMMEEANGQIAPE
NGTQTPSPPSEK1144

being 20 times lower than the association rate to. The dissociation
rate of LtxA from αLC was approximately equal to that of the full‐

β2
β2

KALIHLSDLREYRRFEKEKLKSQWNN
DNPLFKSATTTVMNPKFAES747

β2N

KALIHLSDLREYRRFEKEKLKSQ724

length tail, 1.4 × 10−4 s−1. Only nonspecific binding of LtxA was
detected when it was injected over the αLI peptide.
Initially, an N‐terminal (β2N) and a C‐terminal (β2C) peptide was
used to determine where LtxA binds to the β2 cytoplasmic tail

β2N2

KALIHLSDLREYRRFEKEKLKSQWNN

β2C

LKSQWNNDNPLFKSATTTVMNPKFAES747

(Table 1), however, neither peptide bound LtxA with as high an affinity

β2scr

PKFQIAESDLHDLKLLYRNKALTVMN
KESNFKSATWNKSRETPRFE

(β2N, Kd ≈ 110 nM; β2C, Kd ≈ 51 nM) as full‐length β2. The kon values

β3

KLLITIHDRKEFAKFEEERARAKWDTA
NNPLYKEATSTFTNITYRGT762

β2N1 and β2C were greater (6.3 × 10−4 and 3.1 × 10−4 s−1) than that

β3scr

PHGEAITYRTEFKNRTDIARKWADTFA
ETLNKTIETKNLAKLESRYF

N‐terminal peptide (β2N2, K724‐N749), incorporating three additional

727

β3

(6.1 × 103 M−1 s−1) of LtxA to both peptides were four times lower
than to the full‐length β2. The dissociation rates of LtxA from both
of β2 (1.0 × 10−4 s−1). Consequently, we synthesised a second longer
amino acid residues of the β2 tail (WNN749). The addition of these

Note. An N‐terminal cysteine was added to all peptides to facilitate attachment and orientation to the Biacore™ CM5 sensor chip. A conservative
substitution of S1129 for C1129 on αL αLC and αLI peptides was necessary
to prevent disulfide bond‐induced conformational changes and
oligomerisation; scr are scrambled α and β peptides. SPR: surface plasmon
resonance

β2N2 was close to the rate of β2 peptide (Kd ≈ 9.4 nM). The strong

a

binding exhibited by LtxA for the region around the talin docking

Data are taken from UniProt (http://www.uniprot.org). Amino acid numbering does not include the signal sequence.

three amino acids to the peptide sequence increased association of
LtxA to the β2N2 peptide increased the on/off rates to values that
are similar to that of the full‐length peptide. The dissociation rate of

sequence (WNNDNPLFK754) could displace talin from its cytoskeletal
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TABLE 2 Kinetic constants of the binding of LtxA to cytosolic αL, αM, αX, β2, and β3, as well as to the truncation peptides αLN, αLI, αLC, β2N1,
β2N2, and β2C and scrambled (β2scr and β3scr)
Peptide

kon (M−1 s−1)

koff (s−1)

Ka (M−1)

αL

8.5 (±1.0) × 103

1.2 (±0.2) × 10−4

6.9 (±0.5) × 107

1.5 (±0.1) × 10−8

3

−4

7

6.6 (±0.3) × 10

1.6 (±0.1) × 10−8

Kd (M)

αLN

8.4 (±1.4) × 10

αLI

No binding detected

αLC

4.7 (±0.7) × 102

1.4 (±0.7) × 10−4

3.7 (±0.4) × 105

2.9 (±0.5) × 10−6

αM

2.8 (±0.6) × 104

1.1 (±0.2) × 10−2

2.5 (±0.1) × 106

4.0 (±0.1) × 10−7

1.3 (±0.5) × 10

5

−2

6

1.8 (±0.3) × 10−7

2.4 (±0.3) × 10

4

8

4.2 (±0.3) × 10−9

β2N

6.1 (±0.5) × 10

3

6

9.6 (±0.3) × 10

1.1 (±0.1) × 10−7

β2N2

1.4 (±0.2) × 104

1.3 (±0.1) × 10−4

1.1 (±0.1) × 108

9.4 (±0.9) × 10−9

3

−4

7

2.0 (±0.3) × 10

5.1 (±0.8) × 10−8

4.4(±0.5) × 106

2.3(±0.3) × 10−7

αX
β2

β2C

6.1 (±0.8) × 10

β2scr

No binding detected

β3

2.6 (±0.5)×104

β3scr

No binding detected

1.3 (±0.2) × 10

2.2 (±0.4) × 10
1.0 (±0.3) × 10
6.3 (±0.7) × 10

3.1 (±0.4) × 10

5.7 (±1.6) × 10

−4

2.4 (±0.3) × 10

−4

5.9 (±0.3) × 10−3

Note. All kinetic constants were calculated using the BIAevaluation™ software, using a 1:1 Langmuir model. The kinetic constants represent the average of
three separate experiments ± the standard deviation.

tether (Takala et al., 2008; Valmu, Hilden, van Willigen, & Gahmberg,

(Figure 1b). Additionally, we therefore setup a flow cytometry experi-

1999), a hypothesis that is consistent with our previous observations

ment in which Jn.9 cells were incubated with wtLtxA and then stained

(Fong et al., 2006).

with anti‐LtxA to detect surface‐bound and internalised LtxA. These
studies showed that the LtxA internalisation is not just an artefact of
fluorescent labelling but is dependent on expression of LFA‐1 suggest-

3

|

DISCUSSION

ing that it is an important part of the mechanism by which LtxA kills its
host cells.

LtxA structural elements suggest the toxin may be capable of

Circulating lymphocytes maintain LFA‐1 and other β2 integrins in

interacting directly with the membrane (Fong et al., 2006; Fong

a folded conformation with a low affinity for ligand binding. The first

et al., 2011). Model membrane studies suggest that rather than

step in integrin activation is separation of the cytoplasmic tails. This

forming a protein‐based structure, LtxA destabilises the membrane

ultrastructural change is relayed throughout the length of the hetero-

by inducing a transition from a bilayer to a less stable inverted hexag-

dimer and results in unfolding of the receptor and separation of the

onal (HII) phase (Brown et al., 2012). Nonlamellar phases have been

heterodimer components. We studied the effect that the LtxA recog-

implicated in protein translocations in several systems (Ahn & Kim,

nition and binding has on LFA‐1 using K562 cells that were

1998; Rietveld, Koorengevel, & de, 1995). In addition, some toxins

transfected with an αLβ2 pair whose LFA‐1 cytoplasmic tails had been

may also utilise nonlamellar phases as a means to translocate the

fused to either CFP (αL) or YFP (β2) (Kim et al., 2003). FRET micros-

membrane (Krauss, Bond, Todd, & Wilson, 1991). The observation of

copy was then used to measure the %E or average distance between

LtxA‐induced nonlamellar phase formation therefore suggests that

the α and β heterodimer elements. Resting cells had an average dis-

LtxA toxicity may proceed through LtxA translocation through

tance between α and β heterodimer elements of 7.8 nm (Figure 3a).

the membrane and into the cytosol. Delineation of sequela of the

An activation signal in the form of 100‐nM PMA resulted in a decrease

membrane translocation is a key issue in our understanding of

in %E, which is indicative of a separation of the cytoplasmic tails to

the pathogenesis of this toxin.

8.6 nm (Figure 3a, blue bars). The tail separation is transient, however,

Fluorescent‐labelled LtxA was used to investigate whether the

as %E returned to baseline value within the 30 min of the experiment.

toxin is internalised in LFA‐1‐expressing cells. The experiment showed

In contrast, incubation of K652 cells with 20‐nM LtxA (Figure 3a,

a clear connection between the internalisation of LtxA and the pres-

yellow bars) resulted in an increase %E, which is consistent with a

ence of LFA‐1 on the cell surface (Figure 1). LtxA was internalised in

decreasing distance between the αL and β2 heterodimer elements

both Jn.9 and J‐β2.7/CD11a cells, and interestingly, the toxin lined

from 7.8 to 7.3 nm, a change that is constant for the duration of the

the inner leaflet of the membrane. J‐β2.7 cells, which do not express

experiment. Furthermore, once treated with LtxA, the cells no longer

αL, did not internalise LtxA, and the toxin was not observed on either

respond to a PMA activation indicating that the toxin is interfering

the inner or outer leaflet of the membrane. Integrin heterodimers

with LFA‐1 activation (Figure 3a, green bars).

present on the cell surface seem to be important for the LtxA cell

PMA can increase intracellular Ca2+levels (Xuan, Wang, &

surface recognition, as seen when LtxA is introduced to cells express-

Whorton, 1992) and activate the signal transduction enzyme protein

ing glycoprotein IIb/IIIa (integrin αIIbβ3), in which case the toxin was

kinases C (PKC) in cells (Cullen, 2003; Niedel, Kuhn, & Vandenbark,

found on the cell surface but not internalised. It was possible to study

1983). PKC activation results in the phosphorylation of cellular pro-

internalisation using LtxA‐FITC/DY488, and a cytotoxicity assay

teins and modulation of multiple cellular functions (Cullen, 2003).

showed that the labelling had no effect on the toxin's toxicity

For example, Ca2+‐dependent PKC, PKC‐beta(I), is involved in LFA‐1
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activation in normal T cells. T cell locomotion is accompanied by

et al., 2012a), such as the Erk1/2, Akt, or JNK pathways. The interfer-

PKC‐beta‐sensitive cytoskeletal rearrangements and the formation of

ence of LtxA with LFA‐1 activation response while at the same time

trailing cell extensions (Volkov, Long, McGrath, Ni Eidhin, & Kelleher,

initiating downstream integrin activation could also trigger apoptosis

2001). Our group has previously demonstrated that LtxA causes rapid

through a pathway such as integrin‐mediated death (Krzyzowska

2+

cytosolic Ca

increase, and this event is independent from toxin bind-

ing to LFA‐1 (Fong et al., 2006). Therefore, we hypothesise that the

et al., 2001; Meredith & Schwartz, 1997) or anoikis (Frisch & Screaton,
2001; Guadamillas, Cerezo, & del Pozo, 2011).

effect of LtxA on LFA‐1 activation is indirect and is related to the toxin

The results presented here demonstrate that T lymphocyte

induced intracellular Ca2+ elevation followed by activation of PKC.

internalised LtxA is located at the plasma membrane and that the toxin

Among other RTX toxins, mechanistic insight into LtxA is consistent

binds αL at its membrane‐proximal region and β2 in an intermediate

with Bordetella pertussis CyaA binding to the αMβ2 integrin (αM/β2;

region. This has led us to propose a mechanism of the LtxA/LFA‐1

Osicka et al., 2015). Osicka et al. found that CyaA preferentially binds

interaction in which LtxA binds to extracellular domains of LFA‐1‐

an inactive form of the integrin complement receptor 3, using a site

initiating clustering and lipid raft formation; the toxin then transverses

outside of its I‐domain.

the cell membrane, binds the cytoplasmic tails of LFA‐1, and prevents

Our SPR studies suggested that the LtxA recognition site on the

priming of the heterodimer (Figure 5). The LFA‐1 α subunit contains

αL tail most probably resides in the membrane proximal region of the

regions that regulate the specificity of ligand‐specific interactions; β

integrin as the N‐terminal peptide (αLN) binds LtxA with the same Kd

subunit cytoplasmic domains are necessary and sufficient to target

as the entire αL cytosolic peptide (Table 2). The cytosolic domains of

integrins to focal adhesions that link LFA‐1 to the cytoskeleton

β2 integrin α‐tails exhibit little homology for each other; however, all

through attachment sites that bind to various linker proteins, including

contains the GFFKR1094 motif (underlined; Tables 1). GFFKR1094forms

α‐actinin, filamin, and talin. In resting lymphocytes, β2 integrins are

a salt bridge with D708 located on β2 (underlined); this structure

constitutively linked to the actin cytoskeleton via talin, where

stabilises the αL and β2 cytoplasmic domains in a folded low‐affinity

activation of cells induces transient proteolysis and dissociation of

state (Luo, Carman, & Springer, 2007). It is likely that the ability of

talin, followed by reattachment of actin filaments to integrins medi-

LtxA to interfere with salt bridge formation impaired association with

ated by α‐actinin.

the β chain.

The results presented here demonstrate that internalised LtxA is

In addition to interfering with salt bridge formation, LtxA could

located at the plasma membrane and that the toxin binds αL at its

block signal transduction by Rap GTPases (Kinashi, 2005), which are

membrane‐proximal region and β2 in an intermediate region.

activated by cytosolic Ca2+, diacylglycerol (Fong et al., 2006), and

LtxA/LFA‐1 complex was found in early endosomes of Jn.9 cells. LtxA

PMA, which we used in our current studies (Katagiri, Maeda,

association with LFA‐1 in early endosomes (Balashova et al., submit-

Shimonaka, & Kinashi, 2003; Sebzda, Bracke, Tugal, Hogg, & Cantrell,

ted manuscript) suggests a receptor‐mediated endocytic process of

2002; Shimonaka et al., 2003). Rap1, a small GTPase, binds to its

the LtxA/LFA‐1 complex internalisation that may culminate in delivery

effector molecule, regulator for cell adhesion and polarisation enriched

of the toxin to lysosomes or the toxin release into cytosol due to

in lymphoid tissues (RapL), the essential regulator LFA‐1 activation

LFA‐1 recycling. The membrane damaging properties of LtxA are well

(Katagiri et al., 2003; Shimonaka et al., 2003). The Rap1/RAPL com-

documented (Brown et al., 2012; Lear, Furblur, Lally, & Tanaka, 1995).

plex then associates with the responsive site GFFKRNLKEK1099

Although there is no direct evidence of plasma membrane damage at

(Table 1), which is located on the α heterodimer and composed of

the LtxA internalisation step, the final target of LtxA may be an

GFFKR and two adjacent lysine residues (K1097 and K1099; Tohyama

intracellular one. Such an interpretation is also consistent with recent

et al., 2003). Binding of the Rap1/RAPL complex to this site allows

studies that suggest lysosomal rupture as the cytotoxic mechanism

unfolding of the heterodimer elements and subsequent ligand binding.

(DiFranco et al., 2012b).

However, our SPR experiments suggest that LtxA could block or interfere with the binding of the RAPL/Rap‐1 to GFFKR. Table 2 shows
that LtxA exhibits high affinity (Kd = 1.5 ± 0.1 × 10−8) for this region

4

E X P E R I M E N T A L P RO C E D U R E S

|

of the αL cytosolic domain whereas FRET microscopy (Figure 3, yellow
bars) show that the cells have an elevated E% in the presence of LtxA,

4.1

|

Production and purification of LtxA

indicating that the αβ heterodimer components are closer together in
the presence of LtxA rather than in either 100‐nM PMA‐treated cells

A. actinomycetemcomitans strain JP2 (Tsai et al., 1979) was grown in

or untreated controls. It is interesting to speculate on the conse-

AAGM medium (Fine et al., 1999). After bacteria were streaked on

quences of LtxA blockage of integrin inside out signalling.

solid media, the plates were incubated at 37°C in the presence of

RAPL and Rap‐1 have also been shown to play parts in apoptotic

10% CO2 for 2 days. Colonies were inoculated into AAGM broth

signalling, and similar pathways could be triggered by the interference

and were grown for 24 hr. LtxA was purified by ammonium sulfate

of LFA‐1 activation brought on by LtxA binding. It is unclear what the

precipitation from the bacterial culture supernatants (Kachlany, Fine,

consequences of an LtxA blockage of integrin activation could be;

& Figurski, 2002). The recovered precipitate was suspended in 40 ml

however, both RAPL (Liu et al., 2014) and Rap‐1 (Yang et al., 2013)

of 10‐mM KH2PO4, pH 6.5, and dialysed overnight. The sample was

are involved in apoptotic signalling pathways, and these could be trig-

applied to a HiTRAP™ SP column (GE Healthcare™) and then eluted

gered by the interference of LFA‐1 activation by LtxA. Integrins also

under isocratic conditions with 60% NaCl, 10‐mM KH2PO4, pH 6.5.

play a role in ancillary pathways involved in apoptosis (Difranco

Purified protein was resolved on a 4–20% SDS‐PAGE and visualised
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FIGURE 5 LtxA binds to the cytoplasmic
domains of α and β subunits. K562 cells were
transfected with αL and β2 heterodimers
whose cytoplasmic domain had been fused to
either CFP (αL) or YFP (β2), respectively. The
cells were then examined by FRET microscopy
following addition of either 100‐nM PMA or
10‐nM LtxA. PMA causes separation of the
cytoplasmic tails and a decrease FRET
efficiency (%E) simulating LFA‐1 activation. In
contrast, incubation of cells with LtxA resulted
in an increase in FRET, which is consistent
with bringing the cytosolic domains closer
together than they are in the inactive state.
Unlike PMA stimulation, this ligating effect
does not appear to be transient. Incubating
K562 cells with LtxA for 30 min prior to the
addition of 100‐nM PMA abolished the
cytosolic domain separation associated with
PMA priming of LFA‐1. LtxA: leukotoxin;
PMA: phorbol 12‐myristate 13‐acetate; LFA‐
1: lymphocyte function‐associated antigen 1

by staining with Coomassie Brilliant Blue G‐250 protein stain

J‐β2.7, a Jn.9‐derived LFA‐1 deletion mutant (Weber et al., 1997); and

(Bio‐Rad™). Heat‐inactivated LtxA (ΔHILtxA) was prepared by treat-

(c) J‐β2.7/hCD11a, a cell line derived from J‐β2.7 cells and transfected

ment at 65°C for 30 min. Protein concentrations were determined

with αL‐containing plasmid. The cells express cell‐surface LFA‐1 and

spectrophotometrically (NanoDrop™ 2000, Thermo Fisher™).

are susceptible to LtxA (Lally et al., 1997). The cells were maintained
in RPMI 1640 medium containing 10% fetal bovine serum (FBS),
0.1‐mM MEM non‐essential amino acids, 1× MEM vitamin solution,

4.2

|

Cell culture

and 2‐mM L‐glutamine, and either 0.5 μg ml−1 gentamicin (Jn.9 and
J‐β2.7) or 200 μg/ml G418 (J‐β2.7/hCD11a) at 37°C under 5% CO2.

Three Jurkat cell (Schneider, Schwenk, & Bornkamm, 1977) lines were

K562 cells (Lozzio & Lozzio, 1975), a human erythroleukemia cell

utilised in these experiments: (a) Jn.9, a subclone of Jurkat cells; (b)

line, were transfected with αL and β2 heterodimers whose αL

14625822, 2019, 3, Downloaded from https://onlinelibrary.wiley.com/doi/10.1111/cmi.12967 by University Of Pennsylvania, Wiley Online Library on [14/10/2022]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

10 of 15

11 of 15

ET AL.

cytoplasmic domain was fused to CFP and whose β2 cytoplasmic

objective (NA 1.2). The images were analysed using Nikon's Elements

domain was fused to YFP (Kim et al., 2003), respectively. These cells

software 4.1.

were provided by Dr. Timothy A. Springer, CBR, Harvard, and were
maintained in RPMI 1640 medium containing 10% FBS, 100‐μg ml−1
penicillin, 100‐μg ml−1 streptomycin, and 0.5 mg‐ml−1 G418.
CHO cells were obtained from ATCC, whereas Dr. Joel S. Bennett,
University of Pennsylvania, provided CHO/αIIbβ3 cells. CHO and
CHO/αIIbβ3 cells were propagated on glass cover slips in synthetic
CD CHO medium (Life Technologies) supplemented with 50‐nM
hypoxanthine/8‐nM thymidine and 2‐mM L‐glutamine. The medium
for CHO/αIIbβ3 cells also contained Zeocin™ (0.3 mg ml−1) and Geneticin™ (0.5 mg ml−1).

4.5

|

Flow cytometry

To detect surface bound LtxA, Jn.9 or J‐β2.7 cells (1 × 106 cells/run)
were incubated with 20‐nM LtxA‐DY488 for 15 min at 37°C in PBS
supplemented with 2% FBS, washed with PBS, and total cell‐
associated fluorescence was analysed. To quench the extracellular
fluorescence, LtxA‐DY488 treated cells were incubated with 0.025%
trypan blue (Sigma, St. Louis, MO) for 20 min as described previously
(Maldonado et al., 2011; Parker et al., 2010). To quench the intracellular fluorescence, cells were permeabilised using 0.1% Triton X‐100

4.3

|

(Sigma, St. Louis, MO) for 10 min prior to 0.025% trypan blue treat-

Cytotoxicity assay

ment. Fluorescence was measured using a BD LSR II flow cytometer
For toxicity tests, 50‐nM‐purified LtxA was added to 1 × 10 Jn.9 cells

(BD Biosciences). In this case, ten thousand events were recorded

and incubated for 15 hr (Brogan et al., 1994). The cell membrane

per sample, and the mean fluorescence intensity (MFI) values were

permeability was determined with trypan blue assay using Vi‐cell™

determined using WinList™7.0 software (Verity Software House). To

Cell Viability Analyzer (Beckman Coulter). Assays were performed in

quantitate the intracellular fluorescence, MFI values of cells pretreated

triplicate. Untreated cells and or cells treated with ΔHILtxA were used

with trypan blue were subtracted from the MFI values of total cell‐

as controls.

associated LtxA‐AF™488 fluorescence. No residual fluorescence was

6

detected in 0.1% Triton X‐100 permeabilised cells after the trypan
blue treatment. Samples that were not treated with LtxA‐DY488

4.4

|

Immunofluorescence

served as a control.

LtxA was labelled with FITC using FITC Antibody Labeling Kit (Pierce)
or DyLight™ 488 using DyLight™ Amine‐Reactive dye (Pierce) accord-

4.6

|

Peptide preparation

ing to the manufacturer's instructions. After labelling, excess of the
dye was removed using a Zeba™ Spin Desalting column (40 K MWCO,
Thermo Fisher™ Scientific). Cell nuclei and plasma membrane were
labelled with 1‐μM Hoescht 33342 and Alexa Fluor™ 594 WGA using
Image iT™ LIVE Plasma Membrane and Nuclear Labeling Kit (Molecular Probes™). For LtxA and cell membrane interaction studies, 1 × 106
of Jurkat cells or CHO cells grown on cover slips were incubated with
20‐nM LtxA‐FITC for 15 min at 25°C. The cells were washed with PBS
and fixed with 2% paraformaldehyde for 20 min, washed again, and
then nuclei and plasma membrane were labelled as described above.

The peptides were generated based on the sequences corresponding
to the cytosolic tails of αL (Larson & Springer, 1990) and β2 (Kishimoto,
O'Connor, Lee, Roberts, & Springer, 1987b) LFA‐1 subunits. The
sequences used for the peptides design are presented in Figure S2.
Peptides were procured from Peptide 2.0™ (Chantilly, VA). An
N‐terminal cysteine was introduced in all peptides to allow correct orientation on the sensor chip and a conservative substitution of S1129
for C1129 in αL and αLC peptides prevented disulfide bond‐induced
conformational changes and oligomerisation (Table 1).
SPR. A CM5 chip was activated with a 4‐min injection of

Jurkat cells were treated with antihuman CD18 clone TS1/18 antibody
(Biolegend™) (1:1,000) for 1 hr, washed, and consequently stained
with donkey antimouse IgG H&L Alexa Fluor® 594 conjugated antibody for 1 hr at 37°C. For LtxA and CD11a colocalisation studies,
Jn.9 cells were treated with 20‐nM LtxA‐DY488 for 10 min at 37°C,
were washed twice with Live cell imaging solution (Life Technologies),
and incubated with antihuman CD11a Alexa Fluor™ 594 clone HI111
(Biolegend™) (1:1,000) for 1 hr at 25°C. The cell nuclei and plasma
membranes were stained, washed with Live cell imaging solution,
and placed in CELLview™ glass bottom dishes (Greiner Bio‐One)
coated with poly‐L‐lysine (Sigma) for imaging. For live confocal time
lapse microscopy, the cell images were collected every 2–5 min for

1‐ethyl‐3‐(3‐dimethylaminopropyl)

carbodiimide

hydrochloride/N‐

hydroxysulfosuccinimide followed by a 4‐min injection of 80‐mM
2‐(2‐pyridinyldithio)‐ethaneamine. Peptides (50 μg ml−1) were dissolved in Hepes was then loaded on the chip. Excess 2‐(2‐
pyridinyldithio)‐ethaneamine was deactivated with a 4‐min injection
of 50‐mM cysteine. All experiments were performed in 10‐mM Hepes,
150‐mM NaCl, pH 7.4. The following experimental conditions were
used: 50 μl the injection sample volume; 5 min dissociation time;
and 50 μl min−1 flow rate. The surface was regenerated with 50 μl
0.2% SDS, pH 7.5. The data were collected on a Biacore™ 3000 (GE
Healthcare) and evaluated using the BIAevaluation™ software.

1 hr. Colocalisation areas were determined by sorting the appropriate
intersection of pixel area and intensity across each channel per Z plane

4.7

|

FRET microscopy

with colocalised spots having a Pearson's coefficient above 0.50.
Phalloidin staining was performed using F‐actin Staining Kit ‐ Green

K562/αL‐CFP/β2‐YFP (Aaronson et al., Kim et al., 2003) cells (1 × 106)

Fluorescence ‐ Cytopainter (Abcam). The cells were examined using

were added to a 35‐mm poly‐D‐lysine‐coated CELLview™ tissue cul-

a Nikon A1R laser scanning confocal microscope with a 60× water

ture dish (Greiner Bio‐One GmbH) and allowed to settle for 10 min.
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After several washes, the attached cells were treated with (a) 100‐nM
PMA (Sigma); (b) 10‐nM LtxA; and (c) 10‐nM LtxA for 30 min followed
by 100‐nM PMA or 1 ng ml−1 Cyto D (Sigma) treatment for 30 min at
37°C. FRET readings were collected at 5, 15, and 30 min. Stimulation
of Jn.9 cells with PMA LFA‐1 becomes more mobile within the lipid
bilayer and clustered in rafts. To verify that none of the FRET reagents
affected, K562/αL‐CFP/β2‐YFP cells viability 100‐nM PMA or 1 ng ml
−1

Cyto D were added to the cells and incubated for 30 min at 37°C,

and the cytotoxicity assay was performed as described above.
CFP fluorescence intensity was measured prior to YFP bleaching,
to obtain ICFP‐pre, and after bleaching, to obtain ICFP‐post. The FRET
efficiency (E%) was calculated by
%E ¼ 1 − ðICFP−pre =ICFP−post Þ

(1)

The FRET efficiency was related to the distance between the tails
using the relation
%E ¼

1þ

1
 6

(2)

r
Ro

where r is the distance between the two fluorophores, and Ro is the
Förster distance of CFP and YFP (5 nm). The images were captured
on a Nikon™ A1R live cell confocal imaging system, and the data were
analysed using Nikon™ NIS‐Elements v3.2 software.

4.8

|

Statistical analysis

The data were analysed using a paired Student's t test, with p < 0.05
considered to be statistically significant.
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